In ciliates, chromosomal rearrangements occur during the development of the somatic macronuclear genome from the germline micronuclear genome. These rearrangements are extensive in three ciliate classes-Armophorea, Spirotrichea, and Phyllopharyngea-generating a macronucleus with up to 20,000,000 gene-sized chromosomes. Earlier, we have shown that these three classes also share elevated rates of protein evolution relative to other ciliates. To assess the evolution of germline-limited sequences in the class Phyllopharyngea, we used a combination of traditional and walking PCR to analyze micronuclear copies of multiple genes from two lines of the morphospecies Chilodonella uncinata for which we had previously characterized macronuclear sequences. Analyses of the resulting data yield three main results: (1) conserved macronuclear (somatic) regions are found within rapidly evolving micronuclear (germline) regions; (2) gene scrambling exists within this ciliate lineage; and (3) alternative processing of micronuclear regions yields diverse macronuclear b-tubulin paralogs. To our knowledge, this is the first study to demonstrate gene scrambling outside the nonsister class Spirotrichea, and to show that alternative processing of scrambled genes generates diversity in gene families. Intriguingly, the Spirotrichea and Phyllopharyngea are also united in having transient ''giant'' polytene chromosomes, gene-sized somatic chromosomes, and elevated rates of protein evolution. We hypothesize that this suite of characters enables these ciliates to enjoy the benefits of asexuality while still maintaining the ability to go through sexual cycles. The data presented here add to the growing evidence of the dynamic nature of eukaryotic genomes within diverse lineages across the tree of life.
nucleus develops into a transcriptionally active macronucleus through a series of chromosomal rearrangements Juranek and Lipps, 2007) . The extent of chromosomal processing varies among ciliates: the model ciliate Tetrahymena (Oligohymenophorea) generates $180 unique macronuclear chromosomes from 5 zygotic chromosomes while ciliates in the class Spirotrichea generate $20,000,000 amplified ''gene sized'' chromosomes from $100 zygotic chromosomes (Prescott, '94; Eisen et al., 2006; McGrath et al., 2006) .
Ciliates in three classes, Armophorea, Spirotrichea, and Phyllopharyngea (the focus of this study), extensively process their genomes to generate a macronucleus with thousands of gene-sized chromosomes, each of which contains only coding domains, untranslated regions, and telomeres (Riley and Katz, 2001) . These three lineages represent at least two independent origins of extensive fragmentation as phylogenetic analyses reject the monophyly of the Phyllopharyngea with the Spirotrichea (Riley and Katz, 2001 ). These extensively fragmenting lineages share elevated rates of protein evolution relative to all other ciliate lineages .
Gene scrambling refers to the presence of fragmented coding domains, termed macronuclear destined sequences (MDSs), whose order is scrambled in the micronucleus compared with that of macronuclear chromosomes. This process has been described in only a subset of lineages in the class Spirotrichea (Prescott and Greslin, '92; Curtis and Landweber, '99; . For example, the actin I gene of the ciliate Oxytricha trifallax exists in the micronucleus as MDSs that are ordered 3-4-6-5-7-8-2-1-9 compared with their relative position on the macronuclear chromosome (Prescott and Greslin, '92) . During the development of the macronuclear genome, these scrambled MDSs are reordered and intervening sequences (Internally Excised Sequences (IESs)) are removed to generate functional genes (Greslin et al., '89; Prescott, 2000) . Direct repeats, or pointer sequences, of 2-10 nucleotide sequences at MDS/IES junctions are likely involved in determining the correct order of coding domains (Prescott, 2000; Juranek and Lipps, 2007) . Recent work in the class Spirotrichea suggests that unscrambling may be mediated by RNA scanning coupled with a templated correction of misprocessed molecules (Juranek et al., 2005; Mollenbeck et al., 2008) and may also involve transposases .
To assess the evolution of germline-limited sequences in a member of the class Phyllopharyngea, we analyzed multiple genes from micronuclear-enriched DNA preparations generated from two clonal lines of the morphospecies, Chilodonella uncinata, one isolated from Poland and the other from the United States (Robinson and Katz, 2008) . Using a combination of traditional and walking PCR, we characterized homologous micronuclear regions of actin, a-tubulin and four b-tubulin paralogs, as macronuclear copies of these genes have already been described (Robinson and Katz, 2008) . Analyses of macronuclear b-tubulin in these two strains of C. uncinata revealed a family of five paralogs that vary in their degree of conservation: two b-tubulin paralogs, ''shared P1'' (SP1) and ''shared P2,'' are highly conserved (o1% different at the nucleotide level and with identical amino acid sequences) while the remaining three paralogs P1, P2, and P3, are more divergent with up to 14% nucleotide differences between the P3s (Robinson and Katz, 2008) .
MATERIALS AND METHODS

Micronuclear DNA Extraction
The American line of C. uncinata was obtained from the ATCC s 50194 while the Polish line was provided by Stefan Radizowski, as reported earlier (Robinson and Katz, 2008) and is now deposited as ATCC s PRA-256. Cultures were treated with Penicillin-Streptomycin-Amphotericin-B (Lonza 17-745H, Allendale, NJ) before pelleting cells by centrifugation at 5,000 rpm for 20 min. DNA was extracted by standard phenol/ chlorophorm protocol (Ausubel et al., '93) . Genomic DNA was enriched for micronuclear DNA by digesting with Bal-31 Nuclease (New England Biolabs M02135, Ispwich, MA) according to manufacturer's guidelines. Micronuclear DNA was gel isolated by gel electrophoresis of digested DNA for $3 hr using Low Melt UltraCleanTM Agarose (Mobio15005-50, Carlsbad, CA). Gel isolated micronuclear DNA was purified using b-agarase (New England Biolabs M03925).
Traditional PCR and Cloning
All micronuclear genes were amplified using Phusion Hot Start High Fidelity DNA Polymerase (Finnzymes F-540L, Espoo, Finland). Alpha-tubulin, b-tubulin, and actin were amplified using primers described earlier (Robinson and Katz, 2008; Tekle et al., 2008) as well as others designed for this study (Table S1 ). Phusion-amplified PCR products were cloned using Zero Blunt Topo cloning kits (Invitrogen 42-0245, Carlsbad, CA), multiple (2-8) clones were characterized per PCR reaction, and sequences have been submitted to GenBank (Table S2) .
Genome Walking PCR and Cloning
We used Seegene's DNA Walking SpeedUp TM kit (K1052; Seegene, Rockville, MD) to amplify additional regions of actin and b-tubulin paralogs. PCR amplification was performed following Seegene kit protocol using kit primers and gene-specific primers designed for this study (Table S1 ). Genome Walking PCR products were cloned using TA Topo cloning kits (Invitrogen 45-0641), multiple (2-8) clones were characterized per PCR reaction, and sequences have been submitted to GenBank (Table S2) . 
Sequencing
Data Analysis
Contigs were assembled in Seqman (DNAStar) and sequences were annotated using Seqbuilder (DNAstar). All polymorphisms were confirmed by eye. MacClade (Maddison and Maddison, 2005) and Megalign (DNAStar) were used to create alignments. The IESs were identified as insertions in the micronuclear sequences as compared with macronuclear sequences. Direct repeats were inferred from comparisons of micronuclear and macronuclear sequences (Table 1) . MEME was used to search for motifs in IESs (http://meme.nbcr.net/ meme4_1/cgi-bin/meme.cgi). DNAsp was used to perform sliding window analysis to calculate average pairwise differences (p). Sliding window analyses of actin, a-tubulin, and SP1 were performed with a 100 base pair window and a 5 base pair step. Sliding window analysis of b-tubulin paralogs P1, P2, and P3 were performed with the windows and base steps of 50 and 5, 15, and 3, and 50 and 3, respectively. MDS, macronuclear destined sequence (see Fig. 1 ); pointer sequence, direct repeat; bp, length. Numbers for b-tubulins are based on alignment of full length sequences (available upon request) while numbering for other loci are based on partial sequences. ''Alt'' indicates alternatively processed regions (Fig. 3) .
RESULTS
Conserved Macronuclear Destined Sequences Reside in Rapidly Evolving Micronuclear-Limited Sequences
We found micronuclear-limited IESs within coding domains of actin, a-tubulin and four b-tubulin paralogs (SP1, P1, P2, and P3), where they appear as insertions compared with macronuclear sequences ( Fig. 1; Table 1 ). In all cases, IESs are evolving so rapidly that they cannot be aligned with confidence even though MDSs, which correspond to coding domains and UTRs, are generally highly conserved (i.e. Fig. 1 ). For example, the three IESs found at homologous sites within the a-tubulin sequences have an average pairwise divergence (p) as high as 0.40 while coding domains are nearly identical between the US and Polish strains (Fig. 1A) . Even for the divergent macronuclear b-tubulin P3 paralogs, IESs are in homologous positions in the two strains, though their sequences are highly divergent (Fig. 1A) . In three of the genes a-tubulin, b-tubulin P3, and b-tubulin SP1, the MDSs are collinear with the known macronuclear sequences, as indicated by the consecutive numbering in Figure 1A . Direct repeats mark the IES/MDS boundaries for these nonscrambled genes (Table 1 ). Figure 1 . Diagram of micronuclear structures of (A) three non-scrambled genes and (B) three scrambled genes. The graphs are sliding window analyses of pairwise divergence (p) between sequences from the United States and Poland, calculated using DNAsp (Librado and Rozas, 2009 ). The cartoons for each gene indicate the structure of the MDSs (boxes) and IESs (lines) that are shared between the strains. Numbers below the MDSs are position relative to coding domain. Scrambling is indicated by nonsequential numbering of MDSs (bold numbers with asterix) or, in the case of actin, by the inversion of MDS numbering and arrow below boxes. Jagged edges reflect missing data and ''?'' indicates areas where CDS/UTR boundaries cannot be determined.
Scrambled Coding Domain in the Micronucleus
We found evidence of gene scrambling in micronuclear copies of three of the six genes examined from both strains: actin, b-tubulin P1 and b-tubulin P2 (Fig. 1B) . The first MDS of actin, including the start codon and 5 0 -UTR, is inverted in relation to the adjacent micronuclear coding domains in both the Polish and US strains (Fig. 1B) . As with the nonscrambled genes, the IES/ MDS junctions are at the same location in the two strains and the sequences of the MDSs are generally conserved (Fig. 1B) . In contrast, the sequences within the actin IESs are highly diverged (Fig. 1B) and the IES1 of the Polish strain contains a microsatellite that is absent from the US strain (GenBank nos. GQ453433, GQ45343). Scrambling is also present in the P1 and P2 b-tubulin paralogs as MDSs are arranged in a nonconsecutive order. For example, coding domains corresponding to positions 457-528, 601-954, and 991-1047 are missing from the characterized region of the P2 b-tubulin locus (Fig. 1B) .
Macronuclear b-Tubulin Paralogs are Assembled from Alternatively Processed MDSs from Multiple Micronuclear Loci Two lines of evidence point to the alternative assembly of the b-tubulin paralogs P1 and P2, whereby macronuclear sequences are generated by splicing together segments that are interdigitated on multiple micronuclear loci. First, comparisons of the macronuclear versions of these paralogs plus b-tubulin paralog SP1 reveal multiple identical regions (Fig. 2) . Beta-tubulin paralogs P1 and P2 are identical in four regions, as indicated by p 5 0 and shared colors at identical locations in cartoons (Fig. 2) . Similarly, paralogs P2 and SP1 are identical in four regions (Fig. 2) . It is possible that a process, such as gene conversion, generated these identical regions among b-tubulin paralogs. However, walking PCRs from the shared identical macronuclear regions consistently yielded the micronuclear sequences, indicated in Figure 1 , and no additional micronuclear sequences; this indicates that the identical macronuclear regions are not found on multiple micronuclear loci. A second line of evidence for alternative processing is the conservation of pointer sequences, ranging from 2 to 8 bp, at the boundaries of the b-tubulin P1, P2, and SP1 micronuclear loci (Table 1; Fig. 3) . Conservation of pointer sequences between molecules is consistent with unscrambling (Prescott, 2000; Juranek and Lipps, 2007) . Hence, we propose that macronuclear b-tubulin paralogs P1 and P2 are assembled by alternative processing of MDSs found at multiple micronuclear loci (P1, P2, SP1; Fig. 3 ).
Germline-Limited IESs Contain Conserved Motifs
We inspected our IESs for conserved motifs that might be involved in IES excision, as such motifs have earlier been found in C. uncinata (Katz et al., 2003; Zufall and Katz, 2007) . Analyses using MEME (http://meme.nbcr.net/meme4_1/cgi-bin/meme.cgi) (Bailey et al., 2009 ) revealed a conserved motif (Fig. 4 ) that is consistent with the earlier reported motif (Katz et al., 2003; Zufall and Katz, 2007) . We find a similar motif when the search is constrained to find only a single motif per sequence or any number of motifs, and when we search through both scrambled and nonscrambled IESs. This indicates that the conserved motif, the consensus of which is KGWKKSTR, is a critical cis-acting sequence involved in IES excision in C. uncinata. We found no evidence of this conserved motif within alternatively processed IESs.
DISCUSSION
The three main results from this study of two strains of the ciliate C. uncinata are: (1) conserved macronuclear (somatic) regions exist within rapidly evolving micronuclear (germline) regions; (2) gene scrambling exists within this ciliate; and (3) alternative processing of micronuclear regions yields diverse macronuclear b-tubulin paralogs. For the first observation, the pattern of conservation between macro-and micronucleus in the phyllopharyngean C. uncinata is consistent with earlier work on species in the classes Spirotrichea and Oligohymenophorea. For example, there is high divergence among IESs in Oxytricha species (Seegmiller et al., '96; DuBois and Prescott, '97) and between strains of Stylonychia lemnae (Ardell et al., 2003) , both members of the class Spirotrichea. The limited data on rates of evolution in Tetrahymena (Oligohymenophorea) also indicate that micronuclear-restricted sequences are evolving very rapidly (Huvos, 2004) . The large MDS used to generate SP1 (Fig. 1A) is divided into four MDSs (MIC SP1-alt1-4) that are then spliced to MDSs from the MIC P1 locus to generate the MAC paralog P1 (A). These same four alternatively processed MIC SP1 MDSs are combined with alternatively processed MDSs from MIC P1 plus MDSs from MIC P2 to generate MAC P2 (B). The brackets and asterix above the MAC molecules correspond to the region of sequence data below each figure, shown to exemplify boundaries: Ã 5 MAC P1, ÃÃ 5 MAC P2. The nucleotides in boxes are the conserved pointer sequences as detailed in Table 1 , with uppercase letters for MDSs and lowercase letters for IESs.
The presence of gene scrambling in the phyllopharyngean C. uncinata plus members of the nonsister class Spirotrichea (Riley and Katz, 2001) indicates either that gene scrambling has arisen twice within ciliates or that it is an ancient mechanism that has been lost in some lineages. To date, micronuclear data exist only from these two classes plus the Oligohymenophorea for which there is no evidence of gene scrambling (Fig. 5) . Intriguingly, gene scrambling in Spirotrichea and Phyllopharyngea is associated with a suite of characters that do appear unique to these two classes: the presence of ''giant'' highly polytenized chromosomes during macronuclear development (Ammermann, '87) ; extensively processed macronuclear genomes that consist of many gene-size chromosomes (Steinbrück et al., '95; Riley and Katz, 2001 ); and elevated rates of protein evolution . (This suite of characters may also be present in the poorly studied class Armophorea, which in turn may be sister to the class Spirotrichea ( Fig. 5 ; Riley and Katz, 2001 ).) As these latter traits are not known to be present in other ciliate classes, we suggest that the entire suite of characters has arisen twice: once in the Phyllopharyngea and once in the distantly related Spirotrichea (Fig. 5) .
Based on two lines of evidence: (1) the sharing of identical regions between macronuclear molecules and (2) the presence of pointer sequences between micronuclear loci, we hypothesize that macronuclear copies of b-tubulin paralogs P1 and P2 are assembled by alternative processing of sequences from SP1, P1, and P2 micronuclear loci (Fig. 3 ). Under this model, macronuclear loci are generated by ''unscrambling'' regions from multiple micronuclear loci, and some of these regions are also used to generate other macronuclear loci (Fig. 3) . This alternative processing contributes to the diversity of proteins observed in C. uncinata.
Finally, the sharing of a suite of characters-scrambling, extensive fragmentation, giant chromosomes, faster protein evolution-in the nonsister classes Phyllopharyngea and Spirotrichea suggests that these features are adaptive. We hypothesize that this suite of characters enables these ciliates to enjoy the benefits of asexuality Figure 5 . Evolution of genome characteristics among ciliates. A suite of four characters is found in the nonsister classes Phyllopharyngea and Spirotrichea: giant chromosomes, extensive fragmentation, elevated rates of protein evolution, and gene scrambling. ''1'' and ''À'' refer to presence and absence of characters, respectively. Symbols in parentheses indicate lineages for which there are only few data while no entry means an absence of data. The ''?'' for giant chromosomes in the class Litostomatea reflects an 1890 report of this feature in the genus Loxophyllum that has not been supported by subsequent studies (Ammermann, '87) . The topology of the tree is redrawn from recent references and reflects the apparent nonmonophyly of the class Nassophorea (Riley and Katz, 2001; Gong et al., 2009) . The age of divergence between Phyllopharyngea and Spirotrichea is estimated to be at least 580 million years based on fossil evidence (Li et al., 2007) while a molecular clock estimated the age of the ciliate clade at 41 billion years (Wright and Lynn, '97) . Representative ciliate images redrawn from http://microscope.mbl.edu/. Figure 4 . Conserved motif that may be a cis-acting signal for excision of both scrambled and nonscrambled IESs. Motif was generated using MEME (Bailey et al., 2009 ) by searching among all IESs from the polish strain of C. uncinata with the constraint of identifying only one motif per sequence. The motif is significant as it has an E value of 4.8e1000 while analysis of the same sequences shuffled yields a much higher E value of 5 1.2e1005. A similar motif was obtained when analyzing the IESs from the US line, the scrambled IESs and the nonscrambled IESs, regardless as to whether we constrained the program to find just one motif per sequence or any number of motifs.
while still maintaining the ability to go through sexual cycles. Cell division and, hence, population growth in ciliates occurs asexually and, in all ciliates except the class Karyorelictea, the polyploid macronucleus divides by the poorly understood process of amitosis . In turn, amitosis enables selection to increase the frequency of adaptive loci in ciliate macronuclei . Even when sex does occur, the next generation macronucleus can be patterned from the earlier generation through epigenetic processes: at least in members of the Oligohymenophorea and Spirotrichea, alterations made to the parental macronucleus can be inherited by the daughter macronucleus through an RNA-scanning mechanism (Juranek and Lipps, 2007; Mollenbeck et al., 2008) . Hence, ciliate macronuclei are essentially asexual, enabling maintenance of adaptive genes and gene complexes. Occasional sex can purge the somatic macronuclei of deleterious mutations either by eliminating variants following recombination during meiosis (Normark et al., 2003) or by ''resetting'' the polyploid macronucleus to contain the coding domains from the micronucleus (Kondrashov, '97) .
Under this hypothesis, each of the suite of characters shared between the Spirotrichea and Phyllopharyngea (Fig. 5) contributes to the efficiency of selection. Gene scrambling, which requires both extensive fragmentation and giant chromosomes (i.e. multiple copies of micronuclear loci), enables generation of protein diversity through alternative processing (Herrick et al., '87; Jonsson et al., 2009) . Extensive processing during macronuclear development also breaks down linkage between genes, enabling selection to operate on specific loci without impacting linked genes. As a result, ciliates in these two classes explore protein space in novel manners, as evidenced by the statistically significant increase in accumulation of divergent paralogs in numerous gene families . At the same time, purifying selection is very effective in maintaining conserved macronuclear coding domains nested within rapidly evolving micronuclear-limited sequences-nearly identical coding domains are maintained for a-tubulin, actin, and the SP1 b-tubulin paralogs between strains of the morphospecies C. uncinata, even though sufficient time has passed for mutations to make IESs highly divergent (Fig. 1) .
The data presented here indicate that the molecular evolution of coding domains, which can exist as scrambled pieces in a background of rapidly evolving germline DNA, are shaped by selection interacting with the genome architecture of this ciliate. Furthermore, these data add to the growing evidence on the dynamic nature of eukaryotic genomes, as genomes vary in structure and content within diverse lineages across the tree of life (Parfrey et al., 2008) .
